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chronic kidney disease; bicarbonate; hydrogen ion; hypertension; kidney; nephrosclerosis; thick ascending limb THE DAHL SALT-SENSITIVE RAT has been used for more than 50 years as a model organism to dissect the underlying causes of salt-sensitive hypertension and hypertensive renal injury (74) . Two main approaches have been used: 1) a top-down approach, in which phenotypic traits associated with the development of hypertension and renal injury, have been investigated in greater and greater detail in an attempt to reveal the underlying cellular and genetic causes of disease and 2) more recently, modern genetic and proteomic approaches that have been used in a "bottom-up" effort to identify genes and proteins associated with disease traits in these animals (12) . This review describes our own use of this first approach and the resulting evidence that voltagegated proton channels contribute to disease progression in the Dahl salt-sensitive rat model. The content of the following review was presented as part of the Water and Electrolyte Homeostasis Section New Investigator Award talk at Experimental Biology 2014.
Dahl Salt-Sensitive Rat as a Model of Salt-Sensitive Hypertension and Hypertensive Renal Injury
The Dahl salt-sensitive rat model was first developed in the early 1960s by Lewis K. Dahl by selectively breeding together either salt-susceptible (those that exhibited a rise in arterial pressure in response to high-salt feeding) or salt-resistant out-bred Sprague-Dawley rats (74) . In modern Western populations, in which salt intake is high, human salt-sensitive hypertension is normally defined as a reduction in blood pressure from a relatively stable hypertensive level following a decrease in dietary Na ϩ intake (68) . In contrast, the Dahl salt-sensitive rat develops a rapid and progressive malignant hypertension upon high-salt feeding, which continues to rise as long as the diet is high in salt. Despite these differences in the pathogenesis of the hypertensive phenotype, the Dahl saltsensitive rat model shares many of the traits associated with human hypertension and may be of particular relevance to phenotypes observed commonly in the African-American population in which salt sensitivity is prevalent (50, 64) . Following the development of hypertension, the Dahl salt-sensitive rat also develops marked and progressive renal disease, which is blood pressure-dependent (48, 54) . The Dahl salt-sensitive rat model is relatively unique in this regard, with most hypertensive animal models developing only modest renal injury fol-lowing the development of hypertension. Much of the renal injury that occurs in hypertensive Dahl salt-sensitive rats resembles renal injury observed in human chronic kidney disease patients, in which hypertension is the primary diagnosis, including renal ischemia and a pitted appearance of the kidney surface, focal and segmental glomerular sclerosis, medialintimal vascular thickening, and the formation of proteinacious casts (54) . Therefore, in addition to an experimental model of salt-sensitive hypertension, the Dahl salt-sensitive rat model also provides a potential window into the pathophysiological mechanisms linking hypertension to the development of renal barotrauma and tissue injury.
Traditionally salt-resistant (Dahl R) rats have been the preferred control strain for the Dahl salt-sensitive rat (74) . As mentioned, in an effort to understand the complex genetics underlying salt-sensitive hypertension in the Dahl salt-sensitive model, in recent years, numerous consomic, and later congenic, strains have been developed by introgressing select chromosomes or regions of chromosomes, respectively, from the salt-resistant Brown-Norway rat strain into the genetic background of Dahl salt-sensitive rats (17) . Phenotyping of these strains has narrowed the search for genes or regions of genes (quantitative trait loci) responsible for the various pathogenic traits observed in the Dahl salt-sensitive rat model. A second benefit of the development of these strains, however, has been the use of these genetically more similar strains as control animals for the study of Dahl salt-sensitive rats. The inbred consomic SS. 13 BN rat, which was derived by introgressing chromosome 13 of the Brown-Norway rat into the MCW-bred salt-sensitive (SS) genetic background, exhibits a marked reduction of salt-induced hypertension, proteinuria, and glomerular disease when fed a high-salt diet compared with the parental SS strain (12, 15) . As these consomic strains exhibit less genetic differences to the parental Dahl salt-sensitive rat model, phenotypic differences observed when comparing these strains are more likely to be related to the pathogenesis of the selected trait (12, 15) . For these reasons, we have chosen to use the SS.13 BN rat as a salt-resistant control strain in studies in which the Dahl salt-sensitive rat model is used to understand the underlying physiological mechanisms mediating salt-sensitive hypertension and renal injury.
Medullary Ischemia and the Development of Sustained Hypertension
Arthur Guyton was the first to propose the role of the kidneys (specifically, the pressure natriuresis mechanism) as the dominant controller of long-term arterial pressure (33) . This hypothesis is supported by a wealth of experimental data, including 1) evidence that after renal transplant, blood pressure follows the kidney (including the Dahl salt-sensitive rat model) (10, 20, 21, 52) ; 2) evidence that, of the identified single nucleotide polymorphisms that result in significant alterations in blood pressure in humans, all act to affect salt and water reabsorption by the kidney(40); 3) a multitude of experimental studies, indicating that maneuvers that alter the renal pressurenatriuresis relationship by shifting the set point to higher pressures, result in the development of sustained hypertension (11, 16) . Given this evidence, our own studies investigating the pathogenesis of hypertension in the Dahl salt-sensitive rat have focused on renal function.
One maneuver that has been demonstrated to shift the renal pressure-natriuresis relationship to higher pressures and, thereby, promote sustained hypertension, is the induction of selective renal medullary ischemia (13) . Medullary ischemia brought about by a variety of stimuli, including medullary infusion of a vasopressin V1 receptor agonist (18) , the nitric oxide inhibitor L-NAME (56) , or a rarefaction of the medullary circulation following ischemia-reperfusion injury (5, 61) , have all been demonstrated to be associated with the development of hypertension. In addition, and with particular relevance to our own work, artificially elevating superoxide (O 2 ·Ϫ ) levels selectively in the renal medulla by infusing the superoxide-dismutase inhibitor diethyldithiocarbonate, has also been shown to reduce medullary perfusion and promote the development of sustained hypertension in rats (47) . O 2 ·Ϫ is an oxygen-radical produced from a variety of endogenous sources (3). As O 2 ·Ϫ can scavenge NO, which is a potent vasodilator of the medullary circulation, elevated medullary O 2 ·Ϫ levels may promote renal medullary ischemia by reducing the bioavailability of NO (14) . O 2 ·Ϫ may also have additional biological actions that promote the development of hypertension independent of its actions of renal hemodynamics. Much evidence indicates that within the renal medulla, O 2 ·Ϫ acts as a signaling molecule, stimulating a number of transporters involved in renal Na reabsorption either directly or by reducing NO bioavailbilty (67) . As such, elevated O 2 ·Ϫ levels are thought to be prohypertensive in that they are likely to promote both renal Na reabsorption and reduced medullary perfusion (14, 57) .
The enzyme NADPH oxidase is an endogenous source of O 2 ·Ϫ , of which a number of isoforms are expressed in the kidney (3). To determine whether augmented levels of endogenous O 2 ·Ϫ production produced by NADPH oxidase in the renal medulla contributed to the development of salt-sensitive hypertension in the Dahl SS rat model, Taylor et al. (69) infused the NADPH oxidase inhibitor apocynin directly into the renal medulla of Dahl salt-sensitive and salt-resistant SS. 13 BN rats. In this study, Taylor et al. found that indices of  O 2 ·Ϫ production were elevated in the renal medulla of Dahl SS rats compared with SS. 13 BN rats and that infusion of apocynin lowered these selectively in SS rats to levels similar to that observed in salt-resistant SS.13 BN rats. Importantly, infusion of apocynin significantly limited the development of hypertension in Dahl SS rats fed a high-salt diet, suggesting that augmented O 2 ·Ϫ production by NADPH oxidase contributed to the development of hypertension in this strain (69) . The concept that NADPH oxidase contributes to the development of hypertension and renal injury in the Dahl SS rat model is further supported by more recent studies in Dahl SS rats, in which a key subunit of the NADPH oxidase complex, p67phox, has been genetically targeted, resulting in a null mutation of this gene (31) . Unlike wild-type Dahl SS rats, p67phox Ϫ/Ϫ mutant rats do not exhibit a reduction in medullary blood flow (29) , are greatly protected from the development of salt-induced hypertension and renal injury (29, 31) , and do not demonstrate a reduction in glomerular filtration rate following 2 wk of highsalt feeding (29) . It should be pointed out that in these null mutant animals, global loss of gene function occurs. Therefore, the phenotype of these animals may not be specifically related to loss of p67phox in the kidney. Together, these studies indicated an important role of NADPH oxidase in contributing to the pathogenic hypertensive and renal injury phenotype observed in Dahl SS rats, and they led us to hypothesize that "elevated levels of O 2 ·Ϫ production in the renal outer medulla are causal in the development of hypertension in Dahl SS rats".
Searching for the Source of Augmented O 2 ·Ϫ in the Kidney of Dahl SS Rats
The results of the Taylor et al. study (69) , indicating a role of NADPH oxidase-derived O 2 ·Ϫ in the development of hypertension in Dahl salt-sensitive rats prompted a number of questions. First, if unchallenged by a high-salt diet, blood pressure in Dahl SS rats remains relatively stable. If augmented, NADPH oxidase activity promotes the rapid development of hypertension in this strain, how then does a high-salt diet stimulate NADPH oxidase activity? Secondly, what cell type is responsible for elevated NADPH oxidase activity in Dahl salt-sensitive rats? We hypothesized that the answer to these questions was that the elevation of NADPH oxidase activity was likely of tubular origin and resulted from increased Na ϩ delivery and tubular work following initiation of high-salt feeding. The renal medulla contains a number of tubular segments, including the straight portion of the proximal tubule, the thin descending and ascending limbs of the loop of Henle, the thick ascending limb of the loop of Henle, and the medullary collecting ducts. As O 2 ·Ϫ production, measured as ethidium fluorescence in microdissection nephron segments, had been shown to be greatest in the thick ascending limb (44), we decided to investigate whether this nephron segment may be the source of augmented O 2 ·Ϫ production in the renal medulla of Dahl SS rats.
To determine whether NADPH oxidase-dependent O 2 ·Ϫ production was elevated in medullary thick ascending limb (mTAL) tubular segments from Dahl SS, we utilized live-cell imaging of microdissected nephron segments loaded with the free radical indicator dihydroethidium (DHE) and compared the relative rates of O 2 ·Ϫ production between mTAL from SS and SS.13 BN rats (59) . Given our hypothesis that "elevated O 2 ·Ϫ production resulted from increased Na ϩ delivery and tubular work following initiation of high-salt feeding," the most physiologically relevant stimuli would have been to perfuse isolated nephron segments at various flow rates to mimic alterations in Na ϩ intake and luminal NaCl delivery. Because of the relative technical difficulty of tubular perfusion studies, however, we instead decided to promote tubular O 2 ·Ϫ production by increasing extracellular NaCl concentration. This stimulus, while less physiologically relevant, had previously been demonstrated to result in robust increases in O 2 ·Ϫ production in mTAL (53) , allowing us to rapidly test our hypothesis. Importantly, we found that the rate of O 2 ·Ϫ production in SS mTAL was greater than that of SS. 13 BN in response to increments in extracellular NaCl concentration (59) . Furthermore, this difference was enhanced in mTAL taken from rats 3 days after the advent of high-salt feeding (59) . Consistent with the results of Taylor et al.'s (69) in vivo study, indicating NADPH oxidase as the source of elevated outer-medullary reactive oxygen species in Dahl SS rats, we found that the NADPH oxidase inhibitor apocynin selectively reduced O 2 ·Ϫ production in mTAL from SS rats and normalized strain differences (59) . Together, these data led us to hypothesize that "mTAL are the source of augmented NADPH oxidase-dependent O 2 ·Ϫ production in the renal outer medulla of Dahl SS rats and may contribute to the development of hypertension in these animals when fed a high-NaCl diet." As we had hypothesized that a high-Na ϩ diet may promote NADPH oxidase activity by stimulating tubular reabsorptive work, next, we attempted to determine whether tubular Na ϩ reabsorption was linked to activation of NADPH oxidase activity in SS mTAL. The primary transcellular pathways for Na ϩ reabsorption in mTAL are the Na/K/2 Cl Ϫ cotransporter (NKCC2) and apical Na/H exchangers (NHE3), while the electrochemical gradient driving Na ϩ reabsorption is provided by primary active transport by Na/K-ATPase on the basolateral membrane. Pharmacological inhibition of each of these transport pathways limited O 2 ·Ϫ production in response to increments in bath NaCl concentration in SS mTAL; however, only dimethyl-amiloride, which we used to inhibit Na/H exchange normalized the response between SS and SS.13 BN rats (59) . These data suggested that activation of Na/H exchangers may stimulate NADPH oxidase activity in SS mTAL. The hypothesis that "Na/H exchange activation was critical in promoting NADPH oxidase activity in SS mTAL" was consistent with a report by Li et al. (45) , indicating that H ϩ efflux promoted NADPH oxidase activity in mTAL and that this response was dependent on the presence of extracellular Na ϩ . This hypothesis was also consistent with our own finding that increments in extracellular Na ϩ concentration promoted O 2 ·Ϫ production by an osmotic effect (59), as Na/H exchangers are known to be activated in responses to osmotic cell shrinkage (65) .
H ϩ Efflux Stimulates Superoxide but not Through NHE
A number of Na/H exchanger isoforms are expressed in mTAL (59). As we hypothesized that "the increase in outermedullary oxidative stress observed following high-salt feeding in Dahl SS rats was secondary to increased tubular reabsorptive work," we speculated that the activity of apical NHE-3 would be linked to stimulation of the oxidase, as this Na/H exchange isoform is importantly involved in luminal Na transport in this segment (22) . In our study, we used dimethylamiloride, and later N-methyl-amiloride, to identify Na/H exchange as a potential trigger of NADPH oxidase activity in the mTAL (59) . Both of these amiloride analogs are relatively promiscuous inhibitors of a number of Na transporters, including Na/H exchanger isoforms with greater potency against NHE-1 than NHE-3 (70) . As such, to clarify the Na/H exchanger isoform or isoforms involved in mediating NADPH oxidase-dependent O 2 ·Ϫ production in mTAL, we performed a series of experiments using more selective and potent NHE-1 and NHE3 inhibitors. Surprisingly, we found that neither selective NHE-1 inhibition using cariporide or KR32568, nor dual inhibition of NHE-1 and NHE-3 isoforms using cariporide in combination with the potent NHE-3 inhibitor S3226, reduced O 2 ·Ϫ production in response to increments in bath NaCl concentration or normalized the rate of O 2 ·Ϫ production in SS and SS.13 BN rats (58) . In fact, O 2 ·Ϫ production under these conditions was elevated relative to vehicle controls. Furthermore, we did not detect any difference in protein expression of NHE-1 or NHE-3 isoforms in outer-medullary homogenates of Dahl SS and SS.13 BN rats (58) . These results cast doubt over our earlier conclusion that NHE activation in mTAL was linked to O 2 ·Ϫ production in mTAL, as dual inhibition with cariporide and S3226 should have been even more effective in inhibiting Na/H exchange in mTAL than the less specific analogs dimethyl-amiloride and N-methyl-amiloride that we had used to identify Na/H exchangers as potential mediators of O 2 ·Ϫ production.
To address the concerns stemming from our disparate results using pharmacological inhibitors of Na/H exchange, we chose to use a more direct stimulus to activate Na/H exchangers within mTAL and measure the resulting rate of O 2 ·Ϫ production. To do this, we used NH 4 Cl to acid-load the cells. This technique involves the addition of NH 4 Cl to the bath media, which results in an initial alkalization of the mTAL due to more rapid NH 3 influx. After a period of equilibration in which cellular pH returns toward normal, the bath NH 4 Cl is removed, NH 3 exits the cell rapidly down in concentration gradient, and as a result, the cell is acidified. If this technique is performed in media lacking HCO 3 Ϫ , NHE activity dominates the recovery of cell pH (41) . We measured intracellular pH to confirm pH recovery and ethidium/DHE ratio in a separate group using the same conditions to determine changes in the rate of O 2 ·Ϫ production following acidification. Importantly, despite conformation of significant Na-dependent pH recovery (presumed to be Na/H exchanger activation), we did not observe a significant increase in the rate of cellular O 2 ·Ϫ production in either SS or SS.13 BN mTAL following cellular acidification in Nareplete media (58) . This result strongly refuted our earlier conclusion that NHE activity was linked directly to NADPH oxidase-dependent O 2 ·Ϫ production in mTAL, as NHE activation itself did not appear to stimulate NADPH oxidase activity.
Characterizing O 2 ·Ϫ -Producing H ϩ Transport Pathways in mTAL
Although we have not observed evidence of O 2 ·Ϫ production in response to cellular acidification using NH 4 Cl in Na ϩ -replete media, interestingly, in control experiments that we performed in 0 Na ϩ media to inhibit all Na/H exchange, we did see a significant increase in O 2 ·Ϫ production during the period of pH recovery following acidification (58) . These data suggested that H ϩ efflux through other secondary pathways, which may not be highly activated by this acidification stimuli when Na/H exchanger activity is present, may, indeed, promote O 2 ·Ϫ production. These data, however, were in direct contrast to the findings of Li et al. (45) , who had performed a similar study using NH 4 Cl to acidify mTAL and found significant O 2 ·Ϫ production in Na ϩ -replete media during the period of pH recovery, which was inhibited in 0 Na ϩ media. It remains unclear how our own data and that of Li et al. (45) ·Ϫ production (Eth/DHE) and pH (BCECF) simultaneously in the same tissue. As one of the excitation filters reported to be used for BCECF (440 Ϯ 10 nM) overlaps with the emission filter reported for DHE (430 Ϯ 15), it is unclear how Li et al. separated these wavelengths (the dichroic mirror was not reported), introducing the possibility of significant measurement artifact in their results. Despite the disparate results, we are confident in our conclusion that "Na/H exchange does not promote NADPH oxidase activity in mTAL." Our findings are supported by both pharmacological data using the most potent and selective NHE antagonists, as well as cell physiological data using Na ϩ -free media to inhibit NHE activity. As we suspected a H ϩ channel or transporter other than NHE was linked to O 2 ·Ϫ production in mTAL, we attempted to characterize this pathway further. It had been reported that Ba 2ϩ -sensitive channels could transport NH 4 ϩ in mTAL and, therefore, may act as a pathway for proton efflux (2, 38, 42) . Therefore, we decided to test whether these Ba 2ϩ -sensitive pathways may be involved in O 2 ·Ϫ production in response to cellular acidification. In 0 Na ϩ media with Ba 2ϩ , we found that O 2 ·Ϫ production in response to cellular acidification was enhanced in SS mTAL (58) . Importantly, under these conditions, both O 2 ·Ϫ production and the rate of cellular pH recovery were significantly greater in mTAL from SS rats compared with SS.13 BN rats (58) . Furthermore, this O 2 ·Ϫ production was sensitive to inhibition by the NADPH oxidase inhibitor apocynin (ϳ50% reduction) or N-methyl amiloride (58) . We concluded that activation of an as yet unidentified H ϩ transport pathway (or pathways) was capable of promoting O 2 ·Ϫ production by NADPH oxidase in mTAL and that the activity of this pathway was enhanced in mTAL of SS rats compared with SS.13 BN (58) . As we have demonstrated, amiloride-sensitive O 2 ·Ϫ production was enhanced in SS mTAL in response to a number of stimuli, including osmotic stress and ANG II (58, 59), we suspected that this pathway was responsible for the elevated outer-medullary ROS levels observed in the outer medulla of Dahl SS rats and contributed to the development of hypertension in this strain.
Voltage-Gated Proton Channels in the Kidney of Dahl SS Rats
While we had grossly characterized this O 2 ·Ϫ -producing H ϩ transport pathway in mTAL, its molecular identity remained a mystery. Some clues from our own data, however, made us focus on the voltage-gated proton channel (Hv1) as a potential candidate. Voltage-gated proton channels (encoded Hvcn1 in humans) are ion channels that mediate acid extrusion from cells (8) . Although the existence of proton channels has been recognized for some time (71), the genes encoding Hv1 were not identified until 2006 (25, 62, 66) . Despite this, much is known regarding the biophysical properties and function of proton channels in mammalian species. As their name suggests, voltage-gated proton channels are voltage-sensitive, opening in response to membrane depolarization (25) . The opening threshold for voltage-gated proton channels is 20 mV positive, far from the resting potential of most cells at around 60 mV negative (25) . An important property of voltage-gated proton channels is their pH dependence. The voltage threshold for opening of proton channels is shifted ϳ40 mV to more negative potentials for every one unit outward pH gradient (9, 25) . The result of this is that, within physiological ranges, voltage-gated proton channels only open in cells in which there is a large outward pH gradient and almost exclusively mediate the outward movement of H ϩ (25) . The most well-recognized function of proton channels is to prevent H ϩ -mediated depolarization and feedback inhibition of NADPH oxidase during the respiratory burst in phagocytic cells (8, 63) . Hv1 has been identified in numerous cell types in addition to phagocytic cells, including lung epithelial cells, where it contributes to H where it plays a role in motility (46) ; in microglial cells in the brain, where it has been demonstrated to be involved in the pathogenesis of ischemic stroke (73) ; and in B cells, where it contributes to B-cell antigen receptor signaling and cell activation (7). Prior to our own studies, there was no published evidence of Hv1 expression or activity in the mammalian kidney, although voltage-dependent H ϩ currents had previously been detected in the frog proximal tubule (Rana pippens) (32) .
The currently accepted view of proton channels is that their activation in phagocytic cells promotes NADPH oxidase activity, not by actively stimulating the oxidase, but rather by preventing feedback inhibition of the oxidase by cellular depolarization and acidification (25) . The enormous quantities of O 2 ·Ϫ produced during the respiratory burst rapidly depolarize and acidify phagocytic cells (25) . Hv1 opening during these conditions limits this via the efflux of H ϩ , preventing feedback inhibition of NADPH oxidase, the activity of which is inhibited by cellular depolarization and low pH (28, 51) . Stimuli that activate the oxidase can also promote Hv1 opening via phosphorylation of Hv1, which results in "enhanced gating" shifting the opening threshold 30 -40 mV more negative (4, 25, 27) .
Our own data in mTAL indicated to us that activation of some H ϩ channel or transporter promoted O 2 ·Ϫ production, likely via activation of NADPH oxidase. As opposed to studies in which Hv1 was investigated in phagocytes, we stimulated O 2 ·Ϫ production by acidification of the cell, rather than acidification being secondary to stimulation of the NADPH oxidase (58) . As such, our stimuli would be expected to potentially open Hv1, but inhibit the NADPH oxidase itself (51) . Of course, cellular acidification may have secondary effects that activate the oxidase, such as cell depolarization or an increase in intracellular Ca 2ϩ , which could, in turn, promote NADPHoxidase activity. The specific mechanisms by which cellular acidification promotes O 2 ·Ϫ production in the mTAL remain unknown, although it should be pointed out that the currently accepted view of the role of Hv1 in the respiratory burst is that it simply facilitates NADPH oxidase activity by limiting the negative feedback effects of cellular depolarization and acidification, and in no way is H ϩ flux through Hv1 thought to actively promote NADPH oxidase activity (25, 28) .
If we entertain the possibility that in our studies, O 2 ·Ϫ production in the mTAL reflected an opening of an unidentified channel or transporter, many similarities became apparent between the properties of Hv1 and our unidentified H ϩ transport pathway. First, increasing the outward pH gradient by cellular acidification promoted O 2 ·Ϫ production (58). Hv1 opening is enhanced by an outward pH gradient (25) . Second, by using NH 4 ϩ loading, over the course of our experiment, we promoted both an outward and inward pH gradient (58) . During the alkalization phase immediately after adding NH 4 ϩ to the bath, O 2 ·Ϫ production was inhibited relative to baseline. This was more evident when valinomycin/high extracellular K ϩ was present in the media to promote greater depolarization (Fig. 1) . This is consistent with Hv1 opening being prevented by an inward pH gradient (25) . Finally, O 2 ·Ϫ production in mTAL was enhanced in 0 Na ϩ media, in which NHE activity would be inhibited or in the presence of more specific NHE-1 inhibitors (KR32568, cariporide) (58) . Hv1 activity has been demonstrated to be inversely related to NHE activity in cells that express both Hv1 and NHE (26) . Given these similarities between our unidentified H ϩ pathway and Hv1, we investigated the expression of Hv1 in the kidney of rats. Hv1 mRNA could be detected in the outer medulla of rats by PCR, and immunohistochemical analysis indicated Hv1 staining was localized to mTAL (Fig. 2) . Taken together, these data led us to hypothesize that "Hv1 was the as yet unidentified H ϩ transport pathway responsible for augmented O 2 ·Ϫ production following cellular acidification in mTAL from Dahl SS rats."
While inhibitors of Hv1 have been reported (36) , to the authors' knowledge, to date, there are no commercially available pharmacological inhibitors of Hv1, which would allow us to easily test our hypothesis. Zn 2ϩ is known to inhibit proton currents (25) ; however, Zn 2ϩ may also have nonspecific effects on mTAL and cannot be used to inhibit channel opening in Fig. 1 . Superoxide production following cellular depolarization and internal pH changes in medullary thick ascending limb from wild-type and Hv1 Ϫ/Ϫ mutant Dahl salt-sensitive rats. Superoxide production was stimulated in isolated mTAL from wild-type Dahl salt-sensitive rats (wild-type SS) and Dahl SS rats, in which Hv1 had been mutated, resulting in loss of Hv1 protein function (SS Hv1 Ϫ/Ϫ mutant), as previously reported (39) . Shown are typical examples of the superoxide response measured by ethidium/dihydroethidium fluorescence ratio [Eth/DHE (arbitrary units)] along with changes in intracellular pH (⌬pHI) to cellular depolarization and 0 Na ϩ media and subsequent addition and removal of 20 mM NH4Cl to the bath. x-axis, time in seconds. As observed in the top panel, in medullary thick ascending limb from wild-type SS, switching media from Hank's balanced salt solution to 0 Na ϩ media (isotonic with choline chloride) containing the ionophore valinomycin and 25 mM KCl to depolarize the cells results in an increase in the rate of superoxide production (1). The rate of superoxide production was reduced following the addition of 20 mM NH4Cl to the bath media, which alkalinized the cell (2). The rate of superoxide production recovers, as pHI returns toward baseline following NH4Cl addition. Rapid removal of NH4Cl from the bath, acidifies the cells, and increases the rate of superoxide production (3). In medullary thick ascending limb from SS Hv1 Ϫ/Ϫ mutant animals, 0 Na ϩ media and depolarization had a small effect to promote superoxide production; however, changes in intracellular pH in response to NH4Cl did not alter superoxide production rate as in mTAL from wild-type animals, and the overall superoxide production rate was much lower than that observed in wild-type SS (middle panel). Each panel is a typical example (n ϭ 1) obtained from measurements in separate mTAL. pHI responses are shown for wild-type only.
vivo. Further, we have found that primary cultures of mTAL rapidly lose the typical H ϩ currents, and O 2 ·Ϫ responses observed in response to cellular acidification in freshly isolated tubules (O'Connor PM, unpublished data), limiting our ability to test our hypothesis ex vivo using genetic approaches, such as siRNA. Given these limitations, with the help of our collaborators, we decided to produce a Hv1 null mutant rat on the Dahl SS genetic background using Zn-finger nuclease gene targeting. Zinc finger nucleases targeting a sequence within exon 4 of rat Hv1 were used to produce an 8-bp deletion within the target sequence in Dahl SS rats, and a colony of Hv1 Ϫ/ϩ mutant rats was established (39) . We confirmed the 8-bp deletion in Hv1 both by DNA sequencing and PCR (39) . Complete loss of Hv1 channel activity was confirmed by voltage-clamp studies of peritoneal macrophages from Hv1 Ϫ/Ϫ and wild-type animals (39). We also confirmed expression of Hv1 within mTAL using Hv1 Ϫ/Ϫ rats as negative control tissue, both by traditional immunohistochemistry and with Immunogold staining and transmission electron microscopy analysis. Qualitative analysis of these sections appeared to show both cytosolic and membrane staining with positive staining localized to the apical membrane of the mTAL (39) . As has been the case with many of the mutant rat strains produced using these techniques, we had difficulty confirming loss of protein expression of Hv1 by Western blot analysis (despite testing with a number of commercially available antibodies, in addition to those that had demonstrated loss of protein expression by immunohistochemistry). We suspect that our inability to detect Hv1 by Western blot analysis in outer-medullary tissue or isolated mTAL is due to the relatively low expression of this protein coupled with reduced sensitivity of the antibodies used for rat Hv1. In support of this explanation, we were able to detect a band at 32 kDa (the predicted molecular weight of Hv1), which was present in wild-type, but not Hv1 Ϫ/Ϫ , rats in the membrane fraction of splenic tissue, where Hv1 expression is high (39) . Most importantly, in isolated mTAL, under the same experimental conditions used to characterize O 2 ·Ϫ in response to cellular pH i recovery (0 Na ϩ media, Ba 2ϩ ), we observed both reduced cellular pH i recovery following acidification using NH 4 Cl and complete loss of pH-dependent O 2 ·Ϫ production (39) (note: limited stimulation of O 2 ·Ϫ production was still observed to depolarizing stimuli). From these data, we have concluded that Hv1 is present in the mTAL of Dahl salt-sensitive rats, that it is the previously unidentified H ϩ pathway that we had characterized and that it is critical to the production of O 2 ·Ϫ production following cellular acidification (39) .
Blood Pressure and Renal Injury in Dahl SS Rats Lacking Hv1
The overall goal of our studies was to identify the mechanisms promoting augmented O 2 ·Ϫ production in the renal outer medulla of Dahl SS rats, which has been strongly implicated in the development of hypertension. Because of the short half-life of reactive oxygen species (ROS), including O 2 ·Ϫ , direct measurement of ROS in living animals is difficult. To gain insight into the relative levels of ROS production in Hv1 Ϫ/Ϫ and wild-type Dahl SS rats, we used 4-HNE staining, a marker of oxidized lipids as an index of in vivo ROS production in the renal outer medulla. We have previously found that 4-HNE staining in the renal outer medulla is significantly reduced in apocynin-treated rats, confirming both the contribution of NA-DPH oxidase to ROS production in this region and the utility of this measurement to measure changes in tissue ROS levels (30) . Using this marker, we found ROS production in the outer medulla to be significantly lower in high-salt diet-fed Hv1
Outer-medulla
Inner-stripe /papilla Deep papilla Fig. 2 . Hv1 expression in the rat kidney. Immunohistochemical analysis of paraffin-embedded rat kidney using an antibody raised against human Hv1 (Abcam cat. no. ab117520) indicates significant positive staining (brown) localized to medullary thick ascending limb tubular segments (mTAL) within the renal outer-medullary region. mRNA expression of Hv1 was also greatest in the renal outer medulla compared with renal cortex and papilla. PCR performed and Hv1 primers are as previously reported (39) . P is the result of ANOVA.
Dahl SS rats compared with wild-type animals (39) . In addition to comparing vehicle-treated Hv1 Ϫ/Ϫ and wild-type Dahl SS rats fed high a high-salt diet, we also compared these strains when treated with the Na/H exchanger inhibitor KR32568. The rationale for this treatment group was that specific inhibition of Na/H exchange activity would stimulate the activity of Hv1 and the production of O 2 ·Ϫ by mTAL [in a similar manner to that seen in our isolated tissue preparations (58) ] as the activity of these H ϩ pathways has been demonstrated to be interrelated, allowing us to study a group with high Hv1 activity (26) . Consistent with this hypothesis, the difference in 4HNE-levels between wild-type and Hv1 Ϫ/Ϫ rats was more pronounced in animals treated with the Na/H exchange inhibitor (39) . Surprisingly, given the previous studies implicating elevated ROS levels in the outer-medullary region with the development of hypertension (47, 69) , blood pressure as measured by 24-h telemetry was only modestly different between Hv1
Ϫ/Ϫ and wild-type Dahl SS rats (less than 8 mmHg) across 2 wk of high-salt feeding, despite observed differences in 4-HNE staining (39) . It should be noted that the largest difference in blood pressure was observed between groups treated with the Na/H exchange inhibitor, where differences in outer-medullary ROS indices were also most pronounced, which is consistent with the hypothesis that elevated ROS in this region promote hypertension (39) . Given the small difference in blood pressure between the groups, however, our data do indicate that the presence of Hv1 is not critical for the development of significant hypertension in this strain. Furthermore, in subsequent studies in which KR32568 was not administered, we have not observed a significant difference in blood pressure between Hv1 Ϫ/Ϫ and wild-type Dahl SS rats when fed either a low-or high-salt diet by telemetry (O'Connor PM, unpublished observation). Therefore, while we are confident we have identified Hv1 as a novel source of augmented ROS production in the outer medulla of SS rats, it would appear that this pathway of ROS production may not be critical to the development of hypertension.
Although we did not observe the expected blood pressure phenotype in Hv1 Ϫ/Ϫ Dahl SS rats, we did find that renal injury was markedly reduced in SS rats lacking Hv1 (39) , particularly in the outer-medullary region, where a significant reduction in tubular casts is observed. We have since confirmed that this phenotype is present, even when comparing groups of animals, where there is no difference in blood pressure. Therefore, it would appear Hv1 may contribute to the susceptibility of these animals to pressure-induced renal injury. Like other models in which gene mutation was achieved by Zn-finger nuclease gene targeting, in our colony, the Hv1 mutation is global, resulting in loss of Hv1 not only in the kidney but systemically, including from immune cells. As immune cell infiltration has been implicated in both the development of hypertension and renal injury in the Dahl SS rat model (23, 49) , loss of Hv1 from cells other than mTAL, such as immune cells, may be responsible for the phenotype of reduced injury in these animals.
Hv1 and O 2 ·Ϫ Production in the Kidney of Salt-Resistant and Salt-Sensitive Rats
Given our previous findings that in addition to enhanced O 2 ·Ϫ production, pH recovery was greater following cellular acidification in Dahl SS rats (39), we hypothesized that a H ϩ transport pathway (now Hv1) was more active in SS rats compared with SS.13 BN rats. We have not yet directly measured Hv1 activity in mTAL from Dahl SS or salt-resistant SS.13 BN rats; however, in the rat, Hv1 is located on chromosome 12, suggesting that any differences that we observed in Hv1-dependent O 2 ·Ϫ production in mTAL between SS and SS.13 BN rats were mediated by factors other than genetic differences in the coded protein (genes encoded on chromosome 12 should be identical between SS and SS.13 BN rats). The most likely explanation for our data then is that differences in mTAL O 2 ·Ϫ production observed between SS and SS.13 BN rats are mediated by differential expression of other key proteins involved in this pathway. A potential candidate is the NADPH oxidase subunit p67phox, which is located on chromosome 13 , and has been demonstrated to have enhanced expression in Dahl SS compared with SS.13 BN rats (31) . An alternative explanation would be gene-gene interactions originating from coding differences in chromosome 13, which alter the expression or activity of Hv1 in mTAL. This second explanation would more easily explain the difference in pH recovery rate that we observed between SS and SS.13 BN rats. Further studies are required to understand the genetic mechanisms resulting in augmented Hv1-dependent O 2 ·Ϫ production in mTAL from Dahl SS rats.
When considering the role of Hv1 in O 2 ·Ϫ production in mTAL, it may also be premature to exclude other sources of O 2 ·Ϫ production other than NADPH oxidase. Furthermore, a number of isoforms of NADPH oxidase are thought to be expressed in mTAL (43) , and it remains unknown to which isoform (if any) Hv1 interacts to promote O 2 ·Ϫ production or the localization of this interaction. Although our initial studies suggested NADPH oxidase as the source of O 2 ·Ϫ production in mTAL following cellular acidification, these studies relied on the NADPH oxidase inhibitor apocynin, which may have nonspecific effects to limit superoxide levels (34, 58) . Furthermore, treatment with apocynin only reduced O 2 ·Ϫ production by ϳ50%, leaving open the possibility that other sources of O 2 ·Ϫ may have contributed to the observed response. Given the strong relationship between expression of Hv1 and O 2 ·Ϫ production in mTAL, future studies, specifically examining the relationship between various NADPH oxidase isoforms, as well as other potential sources of reactive oxygen species production, are warranted.
Hv1 in the Human Kidney
The overall goal of our studies has been to utilize the Dahl salt-sensitive rat model to identify physiological pathways that may contribute to salt-sensitive hypertension and renal injury in humans. Our finding that Hv1 Ϫ/Ϫ Dahl SS rats are markedly protected from the development of pressure-induced renal injury may be particularly important, as novel targets for the treatment of hypertensive renal disease are desperately needed. Translation of preclinical findings in rodents to the treatment of human disease, however, has proven difficult. What evidence is there then that Hv1 is present in the human kidney and could potentially contribute to disease? Our data indicate that Hv1 is expressed in the mTAL of Dahl salt-sensitive rats (39) . In contrast, using ␤-galactosidase expression as an indicator, we found no evidence of Hv1 expression in the renal outer medulla of Hv1 gene knockout first allele (KOMP) C57BL6 mice (O'Connor PM, unpublished observation). These findings indicate potentially important species differences in the expression and physiological importance of renal Hv1. Although data remain limited regarding the expression of Hv1 in human kidneys, importantly, immunohistochemial analysis of human outer-medullary tissue reveals a similar expression profile to that observed in Dahl SS rats, with significant Hv1-positive staining in both mTAL and some circulating cells (presumably immune cells expressing high levels of Hv1) (Fig. 3) . Further, Western blot analysis of human tissue kidney homogenates of both renal cortex and renal cortex plus outer medulla indicate the presence of Hv1 (Fig. 3) . Interestingly, two bands at molecular weight ϳ32 and 27 kDa were identified, corresponding to the long and short for Hv1 recently identified in mice (35) , suggesting two splice variants of Hv1 with different properties may be expressed in the human kidney. Together, this evidence suggests that Hv1 may play a similar role in the human kidney as that observed in rats.
Is Hv1 Active in mTAL of Dahl SS Rats?
We are confident that we have correctly identified Hv1 as a trigger for augmented O 2 ·Ϫ production in mTAL of Dahl SS rats; however, identification of Hv1 raised a number of impor- 6) were purchased from OriGene Technologies, and three protein lysates were 100% cortex (lanes 1, 3, and 5). Lane 2 was 55% cortex and 45% medulla, and lanes 4 and 6 were both 60% cortex and 40% medulla. Fifty micrograms of protein lysate per lane was loaded onto 12% acrylamide gel for electrophoresis before transfer to a Immobilon-FL membrane (Millipore cat. no. IPFL00010). Blot was first incubated with an anti-HVCN1 (Abcam cat. no. ab117520) rabbit polyclonal antibody (1:1,000, overnight at 4°C) followed by secondary antibody (goat anti-rabbit IgG 680 fluorescence, cat. no. A-21076, 1:1,000, Invitrogen, Carlsbad, CA; 1 h at room temperature). Immunoreactivity was detected by scanning the blot using Odyssey 700 channel (Li-Cor, Lincoln, NE).
tant questions. Upon finding voltage-gated proton currents in the proximal tubule of the frog, the authors of this study stated that "the role of depolarization-activated GH (Hv1) in proximal tubule is not entirely clear, since proximal tubule cells do not normally experience drastic changes in either pH or membrane potential" (28) . Similarly, the conditions in which we characterized O 2 ·Ϫ production in response to H ϩ fluxes in mTAL were contrived to promote maximal activation and were not physiological [0 extracellular NaCl (isotonic with choline chloride) and Ba 2ϩ ]. These studies highlight the fact that Hv1 opens only under relatively physiological extremes. Therefore, questions remain whether Hv1 in mTAL is active under the physiological conditions in the Dahl SS rat model? Although we are currently unable to definitively answer this question, the conditions normally present in mTAL may give us a clue to the functional state of Hv1 expressed in these cells in vivo. We know that resting apical membrane potential has been reported to be approximately Ϫ70 -80 mV (5) in mTAL, far more negative than that required to open Hv1 (ϩ20 mV) in the absence of significant pH gradients (21) . Importantly, in regard to Hv1 opening, the unique cellular physiology of mTAL results in a large outward pH gradient under normal physiological conditions (69) . This large outward pH gradient results from the active reabsortion of NH 4 ϩ in this segment (69) . While the pKa of NH 4 ϩ under biological conditions is ϳ9.15, meaning it is a very weak acid and at a physiological pH of 7.4, does not greatly acidify the luminal fluid (only ϳ1.7% is in the form of NH 3 ϩ H ϩ ) (70), under normal physiological conditions, where the tubular perfusate contains Ϸ4 mmol/l of NH 4 ϩ , active reabsorption of NH 4 ϩ via the NKCC2 cotransporter (NH 4 ϩ competes with K ϩ for binding) results in an outward pH gradient of 0.8 to 0.9 units (69) . Using the calculation V THRESHOLD ϭ 40 mV ϫ (pH o Ϫ pH I ) ϩ 20 mV for Hv1 opening, where pH o is luminal pH, and pH I is intracellular pH (21) , such a pH gradient would be predicted to result in a shift ϳ34 mV toward more negative membrane potentials to ϳ14 mV negative, still far from resting membrane potential in mTAL. Therefore, it would appear extremely unlikely that apical membrane potential would depolarize enough to surpass the Ϫ14-mV threshold, which would represent Hv1 opening, even when the cell pH is acidified relative to lumen, at least under physiological conditions.
One possibility that could promote Hv1 opening in mTAL is that additional factors may reduce the threshold for Hv1 opening to within the physiological parameters observed at the apical membrane. It is known that phosphorylation of Hv1 promotes "enhanced gating mode," which shifts the opening threshold for Hv1 30 to 40 mV more negative (23, 53) . In addition, a short-form variant of Hv1, which lacks the first 20 amino acids, has recently been identified in B-cells that responds more strongly to PKC-dependent phosphorylation, enhancing channel activity further (30) . To date, the phosphorylation state, as well as the Hv1 isoforms that predominate in the mTAL remain unknown; however, our data suggest that shortform Hv1 may be expressed in the human kidney. Directvoltage measurements of membrane Hv1 are required to determine the characteristics of mTAL Hv1 and whether Hv1 localized to the apical membrane of mTAL is open in under physiological conditions. These data will be critical to understanding the physiological function of Hv1 in mTAL.
Opposing the idea that Hv1 channel opening on the apical membrane of mTAL may mediate H ϩ efflux under physiological conditions, when utilizing a computational model of mTAL transport, greatly enhancing the permeability of the apical membrane of an mTAL cell to H ϩ , results in the net inward flux of H ϩ . This inward movement of H ϩ occurs, even when a significant outward pH gradient resulting from NH 4 ϩ uptake is present and results in further acidification of the cell. In this model, depolarization of the membrane to ϳ40 mV negative (highly unlikely to occur under physiological conditions) is required before net H ϩ flux is outward, (personal communication with Alan M. Weinstein). These data indicate that if the threshold for opening of Hv1 channels is met on the apical membrane of mTAL, under physiological conditions, channel opening is more likely to result in the relatively uncommon scenario of inward H ϩ flux rather than acid extrusion.
A second possibility that may explain the functional effects of Hv1 on O 2 ·Ϫ production in mTAL may be that Hv1 is localized to cellular compartments other than the apical membrane, where the biophysical requirements for channel opening are more easily met. Supporting this possibility, in addition to significant positive staining on the apical membrane, our histological data also indicate positive cytosolic staining for Hv1 in both the human and rat kidney (Figs. 2 and 3) . A detailed quantitative analysis of Hv1 expression at the cellular organelle level is required to determine the cellular expression pattern of Hv1 in mTAL. Such an analysis is likely to shed further light on the mechanisms mediating the functional effects of Hv1 on mTAL O 2 ·Ϫ production and the stimuli that mediate these. Using a top-down investigative approach, we have identified Hv1 as a novel source of mTAL O 2 ·Ϫ production, which appears to be present in both the rat and human kidney. Systemic loss of Hv1 in Dahl SS rats limits lipid oxidation in the renal outer-medullary region (39) . Loss of Hv1 also significantly blunted hypertensive renal injury in high-salt diet-fed Dahl SS rats (39) . Although these findings are, in part, consistent with our overriding hypothesis that augmented outermedullary NADPH oxidase activity and consequent oxidative stress lead to renal injury in the Dahl SS rat strain when fed a high-salt diet (14) , our data do not support significant involvement of Hv1 in the development of hypertension, and a number of critical questions remain regarding the role of Hv1 in the pathophysiology of the Dahl SS rat model. Systemic loss of Hv1 is much less effective at reducing blood pressure in Dahl SS rats than that reported following deletion of subunits of the NADPH oxidase (19, 31) . These data suggest that while Hv1 may modulate O 2 ·Ϫ production in mTAL, either 1) opposing the conclusions of earlier studies, this is not critical to the development of hypertension, or 2) other sources of ROS not related to Hv1 remain that mediate these effects. In addition to identifying the pathways through which Hv1 modulates O 2 ·Ϫ production, investigations into the effect of Hv1 loss on medullary perfusion or on other markers of oxidative stress in high-salt Dahl SS rats in vivo would likely help resolve these issues.
Hv1
Our initial ex vivo studies focused on mTAL, as it was thought that Na ϩ delivery to this segment may link high-salt feeding to renal outer-medullary oxidative stress. Importantly, while we have identified Hv1 as a key modulator of O 2 ·Ϫ production in mTAL cells, it remains unclear whether the effects of Hv1 loss in Dahl SS rats are mediated by loss of Hv1 from mTAL. Hv1 is highly expressed in immune cells, and much evidence implicates immune cells in the progression on renal injury. Therefore, systemic loss of Hv1 may have limited renal outer-medullary oxidative stress and injury independently of mTAL Hv1 through changes in immune cell function. Cell-specific manipulation of Hv1 expression will be required to determine the source of the phenotypic differences that renal pathology has revealed.
In regard to the link between high-salt feeding and mTAL O 2 ·Ϫ production, our current data do not adequately link tubular O 2 ·Ϫ production through Hv1-dependent mechanisms to a high-salt diet. We and others have previously reported that increased Na ϩ delivery or increased tubular flow stimulates O 2 ·Ϫ production in mTAL (1, 37, 60) . It remains unknown whether Hv1 is involved in these responses; however, our data indicate that a direct effect of increased Na ϩ delivery to the apical membrane of mTAL is unlikely to promote O 2 ·Ϫ production through Hv1. MTAL is not likely to depolarize in response to increased Na ϩ delivery. Furthermore, because of the affinities of the primary mTAL Na ϩ transporters on the apical membrane of mTAL, increased Na ϩ delivery may have little effect on intracellular Na ϩ levels (37). Our data, indicating that Hv1-dependent O 2 ·Ϫ production is enhanced in 0 Na ϩ media (58) would also suggest that increased Na ϩ delivery, if anything, would limit rather than promote Hv1-dependent O 2 ·Ϫ production in the mTAL. One possibility that could promote Hv1 opening in mTAL following high-salt feeding is greater NH 4 ϩ reabsorption and cellular acidification. Dahl SS rats excrete a greater acid load following high-salt feeding, which likely increases mTAL NH 4 ϩ uptake (6, 72). As we have demonstrated that cellular acidification promotes Hv1-dependent O 2 ·Ϫ production in mTAL (58) , increased NH 4 ϩ uptake and mTAL acidification could provide a potential link between high-salt feeding and enhanced mTAL Hv1-dependent O 2 ·Ϫ production in Dahl SS rats. Further studies are required to investigate this hypothesis.
Summary and Conclusions
In an effort to identify the source of augmented ROS production in the renal outer medulla of Dahl SS rats, we determined that H ϩ efflux stimulates the production of O 2 ·Ϫ in mTAL through Hv1-dependent mechanisms. These are the first studies to localize Hv1 to the kidney and identify Hv1 as a novel renal channel, which is involved in the regulation of O 2 ·Ϫ production in the renal outer medulla. Despite the evidence that Hv1 is the source of augmented ROS production in the renal outer medulla of Dahl SS rats, global loss of Hv1 in this strain has only a small effect on blood pressure. Instead, the primary phenotype of these animals appears to be a marked reduction in the susceptibility to pressureinduced renal injury. Data produced from our laboratory indicate that Hv1 is likely to be a key piece in the Dahl SS rat puzzle, contributing to pathological pathways involved in excess ROS production and renal injury. Further studies are required to determine whether Hv1 may play a similar pathological role in the development of human disease.
